Abstract. Epithelial-mesenchymal transition (EMT) is known to be associated with cancer progression, metastatic spread, and therapeutic resistance and to occur at the invasive front. Cancer stem cells (CSCs) display stemness features and might be implicated in tumor initiation, local recurrence and metastasis. The present study was conducted to examine the expression status and relationships between EMT-and CSC-related proteins in the different tumor areas of primary colorectal cancer (CRC), along with their clinicopathological significance. We performed immunohistochemical staining for 4 EMT-related proteins, namely E-cadherin, β-catenin, snail and vimentin, and two CSC-related proteins, namely CD44 and CD133, in two different tumor areas (the representative tumor center and the deepest invasive front) in 286 cases of primary CRC using tissue microarrays. Altered expression of all EMT-related proteins was more frequently observed in the invasive front than in the tumor center. Altered expression of E-cadherin, β-catenin and vimentin significantly associated with aggressive tumor characteristics. In particular, loss of E-cadherin expression in the invasive front significantly associated with shorter disease-free survival (DFS, P=0.002) and overall survival (OS, P=0.007). Overexpression of vimentin in the invasive front significantly correlated with poor OS (P=0.028). Loss of CD44 expression both in the tumor center and in the invasive front significantly associated with unfavorable clinicopathological characteristics. In the invasive front, but not in the tumor center, combination of the altered protein expression patterns of E-cadherin, β-catenin, vimentin, snail and CD133 significantly associated with aggressive clinicopathological factors and shorter DFS (P=0.003) and OS (P=0.005). The present data suggest that cancer cells expressing a combination of altered EMT-and CSC-related proteins may represent a potential biomarker for aggressive tumor behavior and may be a possible future candidate for molecular targeted treatments for CRC.
Introduction
Colorectal cancer (CRC) is the third most common cancer worldwide. Although the mortality rate of CRC has been decreasing, owing largely to early clinical detection and improved management in developed countries, it is still the fourth most common cause of cancer-related deaths (1) . Tumor recurrence and chemo-resistance are the main causes of these poor outcomes, and hence, identification of new therapeutic targets has become essential.
Epithelial-mesenchymal transition (EMT) is a unique process in which cells lose epithelial features and gain mesenchymal properties (2) . During EMT, the epithelial cells lose cell-to-cell contact and cell polarity, thereby acquiring increased motility and invasiveness (3) . The process of EMT is associated with the downregulation of epithelial markers and aberrant upregulation of mesenchymal markers (4) . E-cadherin is the most significant mediator of cell-to-cell adhesion in epithelial tissue, and loss of E-cadherin in epithelial cells is a critical step in EMT (5, 6) . Furthermore, snail is a transcriptional repressor of E-cadherin that silences its gene expression (7) and β-catenin binds to E-cadherin in the cell membrane (6) . During EMT, downregulation of E-cadherin is associated with the release of β-catenin, which is consequently translocated to the nucleus where it activates the WNT signaling pathway (6) . Additionally, cells that have undergone EMT often express mesenchymal proteins such as vimentin (8) .
Many studies have reported that EMT is associated with cancer progression, metastatic spread and therapeutic
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and cancer stem cell markers in colorectal adenocarcinoma: Clinicopathological significance resistance (9) (10) (11) (12) . Although EMT processes have been documented in many in vitro cancer cell models, the significance of EMT during cancer progression and its relevance in human cancer tissues remains controversial (13) . While EMT has been studied in human CRC, the clinical significance of EMT in CRC has not been clearly elucidated (5, 6, (14) (15) (16) (17) (18) . In addition, some studies have reported that EMT occurs at the invasive front of human cancer tissue (16, 19) . however, the differences in EMT-related protein expression patterns among different tumor areas (tumor center vs. invasive front) and their clinicopathologic significance have not been evaluated in CRC.
Although mesenchymal traits appear to enable the dissemination of cancer cells from the primary tumor site, they need to acquire self-renewal capability to successfully establish heterogeneous metastases, a feature similar to that exhibited by stem cells (3) . Cancer stem cells (CSCs) display stemness features, which include self-renewal, unlimited proliferative potential and multipotency, and might be responsible for tumor initiation and development, as well as local relapses and metastasis (20) .
Several markers for CSCs have been investigated in CRC, with CD44 and CD133 being the most frequently researched and believed to be the main colorectal CSC markers (21, 22) . CD44, a cell adhesion molecule, is known to be involved in cell growth, differentiation and survival (22) , whereas CD133 is a transmembrane and cell surface protein that is known to be associated with recurrence-free survival and chemo-resistance in CRC (22) . however, some controversies still exist over the relationship between expression of CD44 and CD133 and their associations with clinicopathological factors and prognosis of CRC (21) .
In the present study, the expression status of EMT-and CSC-related proteins in different tumor areas (tumor center vs. invasive front) and their clinicopathological significance were assessed in 286 primary CRC tissues using immunohistochemistry. Moreover, the effect of their combined expression patterns on clinical and pathological features and patient outcomes were analyzed.
Materials and methods
Patient and tissue samples. The CRC tissue samples were retrieved from the archives maintained at the Department of Pathology at Chonbuk National university from 2006 to 2007. A total of 286 eligible patients who had undergone surgical resection with lymph node dissection were identified, according to the following criteria: availability of hematoxylin and eosin-stained glass slides and paraffin blocks for construction of a tissue microarray, and no preoperative chemotherapy or radiotherapy. The CRC specimens and patients' medical records were reviewed to obtain clinical and pathologic data, including age, sex, tumor size, depth of invasion, tumor differentiation by the World Health Organization classification (23) , presence of lymphovascular invasion, presence of perineural invasion, presence of lymph node metastasis, pTNM stage according to the American Joint Committee on Cancer (AJCC) 7th edition (24) , postoperative recurrence or tumor metastasis, and postoperative chemotherapy or radiation therapy data. Sixty-seven patients received adjuvant chemotherapy, five patients received both adjuvant chemotherapy and radiation therapy, and 219 patients received no adjuvant treatment.
The patients were aged between 30 and 88 years (mean, 63.4 years) at the time of surgical resection, and included 174 men and 112 women. The follow-up period was determined from the date of initial surgery to the date of the last follow-up or mortality. Follow-up information, including patient outcome and the time interval between the date of surgical resection and death, tumor recurrence, or metastasis, was collected. The follow-up period ranged from 0.7 to 100 months (median, 53.0 months).
The present study obtained institutional review board approval from the Chonbuk National university hospital (IRB number, Cuh 2015-09-023). Each patient provided written informed consent. All experiments were performed in accordance with the relevant guidelines and regulations.
Tissue microarray and immunohistochemical staining. Tissue microarrays were constructed for immunohistochemical staining. The original hematoxylin and eosin-stained slides were reviewed, and representative tumor center (the most representative solid area composed of intact tumor cells in the middle of the tumor) and invasive front (the deepest tumor area with the highest tumor budding) areas were marked for tissue microarray creation. Four cylinders of 2 mm (two from the tumor center, one from the cancer invasion front, and one from the adjacent non-tumor mucosa) were obtained from all individual cases.
Immunohistochemical staining was performed on 4-µm-thick sections of tissue microarray blocks from the 286 included surgically resected samples. The tissue sections were deparaffinized and rehydrated following the standard procedure. heat-induced antigen retrieval was performed in a microwave oven for 20 min, and the sections were incubated for 30 min along with primary antibodies. The primary antibodies used were against E-cadherin (clone 36B5, 1:50 dilution; Novocastra Laboratories Ltd., Newcastle, uK), β-catenin (clone 14/β-catenin, 1:200 dilution; BD Biosciences, San Jose, CA, uSA), vimentin (clone V9, 1:100 dilution; Novocastra Laboratories), snail (clone snail1 + snail2, 1:100 dilution; Abcam, Cambridge, uK), CD44 (clone DF1485, 1:100 dilution; Dako, Glostrup, Denmark) and CD133 (clone AC133, 1:50 dilution; Miltenyi Biotec, Inc., Auburn, CA, uSA). All immunohistochemical staining was performed by a polymer intense detection system using the BondMax Automatic stainer (Leica Microsystems, Inc., Bannockburn, IL, uSA) in accordance with the manufacturer's instructions.
Evaluation of immunohistochemistry.
For E-cadherin, β-catenin and CD44, only the membranous staining was evaluated (4, 25) . Vimentin was considered a cytoplasmic protein (4), while snail was evaluated for either cytoplasmic or nuclear staining (5) . CD133 staining was considered to indicate either the apical portion of the tumor cells or the shed cellular debris in the tumor glands (21, 25, 26) . All samples were semiquantitatively scored by evaluation of the proportion of positive tumor cells over the total number of tumor cells (percentage of positive tumor cells per tissue microarray punch, 5% intervals, range, 0-100%). From each case, the average score of two tissue microarray tumor center cores was used for the analysis. Subsequently, using receiver-operating characteristic (ROC) curve analysis, appropriate cut-off scores for each marker were obtained. Positive staining in the percentages of cells above or below the cut-off scores were classified as 'overexpression' or 'loss of expression', respectively.
Statistical analysis.
Comparisons between individual or combinations of EMT-and CSC-related markers and clinicopathologic characteristics were assessed using the χ 2 test. The Kaplan-Meier method with the log-rank test was used for univariate analysis of the effects of individual and combined EMT-and CSC-related markers for predicting patient diseasefree survival (DFS) and overall survival (OS). To determine the combination effects of the EMT-and CSC-related markers on the clinicopathologic characteristics and predicting patient outcome, 66 combinations were evaluated using the χ 2 test and Kaplan-Meier method with the log-rank test. Multivariate analysis was performed using a Cox proportional hazards model to determine hazard ratios. For all analyses, P<0.05 were considered to indicate statistical significance. Statistical analysis was performed with SPSS software (SPSS Standard version 21.0; SPSS, Inc., Chicago, IL, uSA).
Results
Associations between each protein expression, clinicopathologic characteristics and patient outcome E-cadherin. E-cadherin was strongly expressed in the membrane of non-neoplastic colorectal epithelial cells. CRC cells showed diffuse membranous staining or loss of membrane expression (Fig. 1) . The optimal cut-off score, based on ROC curve analysis, was determined as ≥95%. Among the analyzed cases, diffuse membranous staining in >95% of tumor cells was observed in the tumor center in 115 (40.2%) cases and in the invasive front in 78 (27.3%) cases. Conversely, loss of membranous E-cadherin expression (<95% staining, as defined by ROC curve analysis) was observed in the tumor center in 171 (59.8%) cases and in the invasive front in 208 (72.7%) cases. Loss of E-cadherin expression Table Ⅰ . Clinicopathological characteristics and correlation with the epithelial-mesenchymal transition (EMT)-related protein expression status in the tumor center. stage (P=0.001), and post-operative recurrence or metastasis (P=0.004) ( Table II) . The result of the Kaplan-Meier univariate analysis showed that a loss of E-cadherin expression in the tumor center significantly associated with poor OS (P=0.028), but not DFS (P=0.482) (Fig. 2) . In the invasive front, loss of E-cadherin expression related with both shorter DFS (P=0.002) and OS (P=0.007) (Fig. 2) .
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β-catenin. β-catenin was strongly expressed in the membrane of non-neoplastic colorectal epithelial cells. CRC cells showed diffuse membranous expression or loss of membrane expression with aberrant cytoplasmic or nuclear expression (Fig. 1) . The optimal cut-off score was determined as 95%. In the tumor center, 184 (64.3%) cases showed diffuse membranous staining and 102 (35.7%) cases showed loss of membrane expression (<95% staining, as defined by ROC curve analysis). In the invasive front, 163 (57.0%) cases showed diffuse membranous expression and 123 (43.0%) showed loss of membrane expression. Loss of β-catenin expression in the tumor center significantly correlated with poor differentiation (P<0.001), presence of lymphovascular invasion (P=0.007), presence of lymph node metastasis (P=0.012), and advanced tumor stage (P=0.034) ( Table I) . Loss of β-catenin expression in the invasive front significantly associated with poor differentiation (P=0.004), presence of lymphovascular invasion (P<0.001), presence of perineural invasion (P=0.006), presence of lymph node metastasis (P<0.001) and advanced tumor stage (P=0.001) ( Table II) . Loss of membranous β-catenin expression in the tumor center did not associate with DFS or OS (P=0.393 and P=0.087, respectively). In the invasive front, loss of β-catenin expression tended to associate with shorter DFS and OS (P=0.068 and P=0.060, respectively).
Vimentin. Vimentin was not expressed in non-neoplastic colorectal epithelial cells. In the CRC tissues, vimentin was overexpressed in the cytoplasm of the cancer cells (Fig. 1) . The optimal cut-off score was determined as 5%, based on ROC curve analysis. In the tumor center, 40 (14.0%) cases showed overexpression of cytoplasmic vimentin. In the invasive front, 72 (25.2%) cases showed vimentin overexpression. Overexpression of vimentin in the tumor center significantly related with female sex (P=0.010), poor differentiation (P<0.001), deeper invasion depth (P=0.038), presence of lymphovascular invasion (P=0.036), presence of perineural invasion (P<0.001), presence of lymph node metastasis (P=0.004) and advanced tumor stage (P=0.004) ( Table I ). In the invasive front, overexpression of vimentin significantly correlated with large tumor size (≥4 cm, P= 0.018), poor differentiation (P<0.001), deeper invasion depth (P=0.039), presence of lymphovascular invasion (P=0.004), presence of perineural invasion (P=0.005), presence of lymph node metastasis (P=0.011) and advanced tumor stage (P=0.009) ( Table II) . Overexpression of vimentin in the tumor center was not associated with DFS or OS (P=0.389 and P=0.313, respectively), whereas in the invasive front, overexpression of vimentin significantly correlated with poor OS (P=0.028) but not DFS (P=0.359) (Fig. 2) . 
. Kaplan-Meier survival analyses for the protein expression as determinant of disease-free survival (DFS) and overall survival (OS). (A) Loss of E-cadherin expression in the invasive front and DFS. (B) Loss of E-cadherin expression in the tumor center and OS. (C) Loss of E-cadherin expression in the invasive front and OS. (D) Vimentin overexpression in the invasive front and OS.
Snail. Snail was not expressed in non-neoplastic colorectal epithelial cells. In the CRC cells, snail loss or overexpression was observed in the cytoplasm and/or nucleus (Fig. 1) . The optimal cut-off score was determined as 5%, based on ROC curve analysis. Loss of snail expression in the tumor center was observed in 137 (47.9%) cases, and in the invasive front in 104 (31.3%) cases. Snail overexpression in the tumor center was identified in 149 (52.1%) cases and in the invasive front in 182 (68.7%) cases. Snail overexpression tended to associate with superficial invasion depth both in the tumor center and in the invasive front (P=0.044 and P=0.052, respectively) (Tables I and II) . Neither loss of expression nor overexpression of snail in the tumor center or in the invasive front was significantly associated with survival time.
CD44. CD44 was not expressed in non-neoplastic colorectal epithelial cells, whereas membranous expression was seen in the CRC cells (Fig. 1) (Table IV) . No association between loss of CD44 expression and DFS or OS was noted in either the tumor center or invasive front.
CD133. CD133 was not expressed in non-neoplastic colorectal epithelial cells. In the CRC cells, CD133 loss or overexpression was seen in either the apical portion of the tumor cells or the shed cellular debris in the tumor glands (Fig. 1) . Loss of CD133 expression in the tumor center was observed in 195 (67.5%) cases and in the invasive front in 229 (80.1%) cases. Overexpression of CD133 in the tumor center was observed in 93 (32.5%) cases and in the invasive front in 57 (19.9%) cases. The optimal cut-off score, based on ROC curve analysis, was determined as 5%. In the tumor center, overexpression of CD133 significantly correlated with small tumor size (<4 cm, P=0.026). No other clinicopathologic features related with CD133 overexpression, both in the tumor center and in the invasive front (Tables III and IV) . Furthermore, neither in the tumor center nor in the invasive front did loss of expression or overexpression of CD133 significantly associate with DFS or OS.
Multi-marker combinations for predicting patient outcome.
Based on the correlation between the cumulative altered expression of the EMT-and CSC-related proteins and the tumor behavior of CRC, we performed univariate survival analyses on a total of 66 combinations of the expression of 6 markers. To determine the most accurate combination for predicting patient prognosis, 5 markers (E-cadherin, β-catenin, vimentin, snail and CD133) and the possible combinations thereof that had the lowest P-values in the univariate survival analysis using the Kaplan-Meier method were selected. For statistical analysis, the cases were classified into 2 groups according to the number of cases with altered protein expression. A total of 254 cases (88.8%) in the tumor center and 243 cases (85.0%) in the invasive front were designated as having a 'low number of altered protein expression', that is, altered expressions of no more than 3 proteins. Thirty-two cases (11.2%) in the tumor center and 43 cases (15.0%) in the invasive front were designated as having a 'high number of altered protein expression', classified as altered expression of 4 or 5 proteins. In the tumor center, a high number of altered protein expression significantly correlated with poor differentiation (P=0.007), presence of perineural invasion (P=0.010) and presence of lymph node metastasis (P=0.026). In the invasive front, a high number of altered protein expression significantly associated with poor differentiation (P=0.007), presence of lymphovascular invasion (P=0.001), presence of perineural invasion (P=0.006), presence of lymph node metastasis (P<0.001), advanced tumor stage (P<0.001) and post-operative recurrence or metastasis (P=0.032) ( Table V) . The Kaplan-Meier univariate survival analysis indicated that the mean DFS and OS were significantly shortened in patients with a high number of altered protein expression in the invasive front compared to in those with a low number of altered protein expressions (DFS, 66.2 vs. 84.6 months, P=0.003; OS, 60.8 vs. 77.9 months, P=0.005) (Fig. 3) . In the tumor center, no significant difference was found according to the number of altered protein expression. Despite this adverse Table Ⅳ . Clinicopathological characteristics and correlation with the cancer stem cell (CSC)-related protein expression status in the invasive front. effect observed in the univariate analysis, the prognostic value of a high number of altered protein expression did not remain as an independent prognostic indicator in the multivariate analysis.
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Discussion
The multi-marker combination analysis of the altered protein expression of E-cadherin, β-catenin, vimentin, snail and CD133 in the invasive front showed more significant correlation with DFS (P=0.003) and OS (P=0.005) than the single protein data. These results are similar to those reported in a previous study on EMT-and CSC-related proteins in gastric cancer (4) . Notably, in that study, a combination of 4 proteins (β-catenin, vimentin, snail and CD133), although each was not individually correlated with DFS, significantly correlated with DFS (P=0.005) and OS (P=0.007). Thus, concurrent alterations of EMT-and CSC-related markers may have a greater effect on the biological behavior of CRC than the alteration of a single EMT-or CSC-related protein. Further   Table Ⅴ . Clinicopathological correlation between low-and high-expression according to the number of altered protein expression, E-cadherin, β-catenin, vimentin, snail and CD133 altered expression in the tumor center and invasive front. evaluation for optimal selection of protein combinations is needed for accurate prediction of patient outcomes and for aiding in the clinicopathological diagnosis; based on our results, a combination of E-cadherin, β-catenin, vimentin, snail and CD133 seems to be a possible candidate.
Tumor center Invasive front
To determine the role of EMT in CRC progression and patient survival, the altered expression status of 4 EMT-related markers, their association with clinicopathological characteristics and patient outcomes were analyzed. Some studies have demonstrated that altered EMT-related protein expression was more frequently observed in the invasive front and that EMT occurs at the invasive front (16, 19) . Ye et al (27) further demonstrated that expression of EMT markers is often observed among carcinoma cells that are closely opposed to stromal cells, and a variety of stromal cell-derived signals synergize with one another to induce and maintain EMT in primary tumors. In the present study, altered expression of all EMT-related proteins was more frequently observed in the invasive front than in the tumor center. In addition, the altered expression of all EMT-related proteins, except snail, significantly associated with unfavorable clinicopathological factors in both the tumor center and the invasive front. According to previous studies, altered expression of EMT-related markers associates with tumor size, differentiation, growth patterns, metastasis and poor prognosis (17, 18, 28) . In this study, loss of E-cadherin expression in the invasive front significantly associated with poor OS (P=0.007) and showed a better P-value compared with in the tumor center (P=0.028). In addition to correlating with OS, loss of E-cadherin expression in the invasive front significantly associated with shorter DFS (P=0.002), whereas this was not observed for its expression in the tumor center. Similarly, overexpression of vimentin in the invasive front, but not in the tumor center, also significantly correlated with OS (P=0.028). These findings support the model that EMT may occur in the invasive front and associates with poor prognosis. Thus, identification of altered expression of EMT-related proteins, especially in the invasive front, is important to predict the aggressive nature of the tumor and the prognosis of the patient.
Despite CD44 and CD133 being the most extensively researched colorectal CSC markers (29, 30) , some controversies still exist over the relationship between CD44 and CD133 expression and their associations with clinicopathological factors and patient outcome (26, (31) (32) (33) (34) . Recently, Zhou et al (35) reported that CD44 high /CD133 high colon cancer cells harbor CSC properties that may be related to the tumor growth of colon cancer. however, in the present study, loss of CD44 expression significantly correlated with aggressive tumor characteristics while altered expression of CD133 did not relate with any tumor characteristics or with the patient survival time. Similar to the results in the present study, Lugli et al (25) demonstrated that loss of CD44 expression was linked to more advanced T classification, lymph node involvement, presence of vascular invasion, and an infiltrating tumor border, whereas neither overexpression nor loss of CD133 significantly associated with tumor progression or the survival time. The discrepancies among the previous studies and present study might be explained by differences in the selected tumor tissue (whole tumor, representative tumor center, or invasive front), as CSC-related proteins, especially CD44, show heterogeneous expression throughout the tumor (25) . In addition, it might be also explained by the use of different methodologies and different antibodies, and/or by the differences in the number of cases investigated.
In conclusion, the present study found that altered expressions of EMT-related proteins, as single markers, significantly correlated with several unfavorable clinicopathological factors and poor patient survival, especially in the invasive front area. For the CSC-related proteins, loss of CD44 expression was associated with unfavorable clinicopathological factors, whereas altered expression of CD133 did not. however, combined expressions of altered EMT-and CSC-related proteins strongly associated with unfavorable clinicopathological factors and poor patient outcomes. Besides serving as potential biomarkers for aggressive tumor behavior and tumor recurrence or metastasis, cancer cells expressing combined EMT-and CSC-related proteins may represent possible candidates for molecular targeted treatments for CRC in the future. Further studies are needed to elucidate the relationships and molecular pathways between EMT and CSCs in CRC.
